Abstract. We used two independent approaches, biometry and micrometeorology, to determine the net ecosystem production (NEP) of an old growth forest in Parai, Brazil. Biometric inventories indicated that the forest was either a source or, at most, a modest sink of carbon from 1984 to 2000 (+0.8 ? 2 Mg C-ha-l*yr-'; a positive flux indicates carbon loss by the forest, a negative flux indicates carbon gain). Eddy covariance measurements of CO2 exchange were made from July 2000 to July 2001 using both open-and closed-path gas analyzers. The annual eddy covariance flux calculated without correcting for the underestimation of flux on calm nights indicated that the forest was a large carbon sink (-3.9 Mg C.ha-1-yr-'). This annual uptake is comparable to past reports from other Amazonian forests, which also were calculated without correcting for calm nights. The magnitude of the annual integral was relatively insensitive to the selection of open-versus closed-path gas analyzer, averaging time, detrending, and high-frequency correction. In contrast, the magnitude of the annual integral was highly sensitive to the treatment of calm nights, changing by over 4 Mg C-ha-1.yr-1 when a filter was used to replace the net ecosystem exchange (NEE) during nocturnal periods with u* < 0.2 m/s. Analyses of the relationship between nocturnal NEE and u* confirmed that the annual sum needs to be corrected for the effect of calm nights, which resulted in our best estimate of the annual flux (+0.4 Mg C.ha-'.-yr-1). The observed sensitivity of the annual sum to the u* filter is far greater than has been previously reported for temperate and boreal forests. The annual carbon balance determined by eddy covariance is therefore less certain for tropical than temperate forests. Nonetheless, the biometric and micrometeorological measurements in tandem provide strong evidence that the forest was not a strong, persistent carbon sink during the study interval.
INTRODUCTION
Several recent reports indicate that undisturbed forest stands in Amazonia are sequestering large amounts of carbon. These observations are surprising, since primary forest is generally considered to be in equilibrium with the atmosphere (Waring and Schlesinger 1985) , and important, since they may significantly change understanding of the global carbon budget (Malhi et al. 1999 ). Forest carbon balance can be measured using either of two independent approaches: biometry or micrometeorology. Based on integrated micrometeorology, Grace 
Ground-based inventories
Biomass inventories can be used to directly measure carbon stocks and assess the net carbon balance during a several-year interval. We used three inventories spanning 16 yr to determine the carbon balance of the forest in the area of the tower.
The first survey was made in 1984 by the Brazilian forest service, Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renoviveis Brasilia (IBA-MA), which inventoried 3200 ha in the Tapaj6s National Forest (Fig. 1, referred to as the IBAMA survey). The survey area was divided into 48-or 50-ha blocks, and trees with diameter at breast height (dbh) > 55 cm were identified to common name, measured, tagged, and mapped. The second survey was made in 2000 in preparation for selective logging and included 700 ha (the TREVISO survey). Both the 1984 IBAMA and 2000 TREVISO surveys included the 48-ha block where the eddy flux tower was located (block 10b in Fig. 1 ). The third survey was made in March 2000 by the authors of this paper (the UCI survey). The UCI survey focused on an 18-ha (300 m north-south X 600 m east-west) area within block 10b and directly east (upwind) of the tower (Fig. 1) . The UCI survey identified, measured, tagged, and mapped all trees with dbh > 35 cm (Fig. 1) . Additionally, trees with 10 cm < dbh < 35 cm were surveyed in three 600 X 10 m (1.8 ha total) east-west transects within the 1I8-ha intensive survey plot.
The spatial overlap between the TREVISO and UCI surveys was established by comparing the two sets of tags on overlapping trees. The spatial overlap between the IBAMA and later surveys was determined to within 50-100 m by comparing the locations of 175 trees with tags that remained legible from the original 1984 IBA-MA survey. We used the IBAMA and TREVISO data from block 10 (block 10b; Fig. 1 (Table 1 ). The biomass of vines, epiphytes, and trees with dbh < 15 cm was estimated using the result of Keller et al. (2001) that their combined biomass was 26% of the biomass of all trees with dbh > 15 cm. These data were then summed to calculate the total aboveground live biomass (AGLB), and to determine the net biomass increment between surveys.
We estimated the uncertainty in the net biomass increment using a sensitivity analysis of hypothesized errors. We determined the sensitivity of net biomass increment to a hypothesized change in tree demography and an increase in small diameter plants (Phillips et al. 2002) Mg C-ha-1.yr-'. The overall uncertainty of net biomass increment was therefore calculated as ?1.5 Mg C.ha-'.yr-.
Tower measurements
The net ecosystem exchange ( Missing flux intervals in the yearly record were filled differently depending upon the length of the data gap and whether the gap was biased toward certain meteorological conditions. All gaps in NEE (turbulent + storage flux) shorter than 2 h were linearly interpolated between neighboring points. Longer gaps that were not biased to certain meteorological conditions were filled using mean diurnal variation (Falge et al. 2001) , where the mean value for the missing half-hour interval using neighboring days was used to fill the gap. We used the 20 d of reliable data nearest the missing interval to fill the gap. Using 10 and 40 d did not appreciably change the annual sums. Missing intervals due to window obstruction of the open-path IRGA were distributed unevenly with -20% of early morning (0100 to 0700 hours local time), 10% of late morning (0800 to 1100 hours), and 20% of afternoon (1300 to 1500 hours) intervals lost. Daytime gaps were biased toward cloudy conditions such that filling using mean diurnal variation was biased toward more sunny conditions and increased daytime CO2 uptake. We therefore filled these gaps in NEE using a light-curve model based on this data set.
Calculation of turbulent flux
Density corrections for the open-path IRGA.-Infrared gas analyzers measure CO2 and H20 molar densities (p/Mc and pv/Mv, respectively, in mol/m3, where p is mass density (g/m3) and M is molecular weight) between the source and detector. The measured CO2 density changes both due to changing mole fraction of CO2 and due to changes in air density caused by temperature, water vapor, and pressure. A correction is required to remove the portion of the molar density fluctuations caused by the background air density fluctuations (the WPL correction; Webb et al. 1980, Fuehrer and Friehe 2002). In the closed-path IRGA system, the sample cell pressure and temperature are constant and only water vapor effects on air density need to be considered. The open-path IRGA requires corrections for temperature and water vapor effects; pressure effects are assumed to be negligible (Webb et al. 1980) . We calculated the density corrections using two methods. The first applied the ideal gas law to each 4-Hz observation, such that the instantaneous CO2 and H20 mixing ratios (c and r, respectively) were calculated by dividing the measured molar densities by the instantaneous dry air molar density, Pa/Ma, i.e., c = pcMa/PaMc and r = pvMa/paMv.
(1)
The ideal gas law was used to calculate dry air density, Pa = Pa/RT, where R is the gas constant; the partial pressure of dry air, Pa, was calculated from Pa = PPv; the partial pressure of water vapor, Pv, was calculated as Pv = (pv/Mv)RuT, where Ru is the universal gas constant; water vapor molar density, pjM, was returned by the open-path IRGA water vapor channel, and T was the dry air temperature, calculated by "drying" the sonic temperature (Ts) using T= Ts/(1 + 0.32Pv/P). Because T requires the water vapor partial pressure, we first approximated T= Correction for the loss ofhigh-frequencyfluctuations when using the closed-path IRGA.-C02 and H20 fluctuations at the sample inlet are damped as air travels through the tube due to longitudinal and lateral mixing, and contact with the wall (Leuning and Judd 1996) . To account for these losses, we used an approach based on similarity between temperature and CO2 and H20 fluctuations (Goulden et al. 1996 , Berger et al. 2001 ). The correction used a first-order filter to simulate the attenuation of fluctuations in the tubing. The time constant was found by matching power and phase spectra between temperature and CO2 or temperature and H20 (Shaw et al. 1998 ). The time constant was 0.4 s for CO2 and 0.9 s for H20. We determined the sensitivity of annually integrated CO2 exchange to the high-frequency correction by summing fluxes calculated both with and without the correction.
Averaging time and detrending.-Recent discussion has focused on the possibility that low-frequency contributions to fluxes are underestimated when insufficient averaging times are used (Sakai et al. 2001, Finnigan et al. 2003 ). An underestimation of low-fre-quency flux may also result from linear detrending, which is commonly applied before calculating covariances. We determined the sensitivity of annually integrated CO2 exchange to these low frequency motions by summing fluxes calculated (1) using averaging times of 30 min and 2 h, and (2) both with and without linear detrending.
Treatment of calm periods.-The integration of tower-based estimates of NEE to obtain annual sums is particularly sensitive to day-to-night measurement biases (Goulden et al. 1996) . Atmospheric mixing changes markedly from day to night with surface heating and cooling. The formation of a stable boundary layer on calm nights may result in the removal of CO2 from a site by mechanisms that are not measured by the eddy covariance technique (Fitzjarrald and Moore 1990, Lee 1998). Biological CO2 production at night is expected to be independent of above-canopy turbulent mixing (Goulden et al. 1996) . Evidence for the loss of CO2 on calm nights is provided by plots showing a reduction in NEE during calm nights. The "u* filter" method replaces nocturnal NEE during weakly mixed periods with a value measured during well-mixed conditions (u* refers to the friction velocity; see Goulden et al.
[1996b] for details). However, the use of a u* filter, and the appropriate threshold, have not been uniformly agreed upon by the research community. We determined the sensitivity of annually integrated CO2 exchange to the u* filter by summing fluxes with and without the correction, and with various u* thresholds.
The data reported in this paper are available online.4,5
RESULTS

Biometric measurements of carbon balance
Measurements of biomass, and the change in biomass with time, provide a much-needed bound on the plausible rates of carbon sequestration by an ecosystem. In the event of a "large net carbon sink in the undisturbed rain forest" (Andreae et al. 2002), we would expect to see a significant increase in forest biomass over time.
We used data from three inventories of forest biomass over a 16-yr period to calculate the annual carbon balance (Table 1 ). An average of 22 trees per hectare with dbh > 55 cm were found in the 48-ha area of block 10b during the 1984 IBAMA survey (Table 1) (Table 1) . Moreover, there is no specific reason to believe that tree demography changed between surveys or that the soil was perturbed from steady state. In conclusion, we did not find any biometric evidence of rapid carbon accumulation by the forest, and believe the net carbon accumulation from 1984 to 2000 was close to zero.
Meteorology and forest seasonality
Air temperature was relatively constant year-round, allowing a 12-mo growing season and a high gross primary production (-30 Mg C.ha-•-yr-'). Total rainfall was over 2000 mm from 1 July 2000 to 1 July 2001, with most occurring in the wet season from December to June (Fig. 2a) . Average rainfall was 1889 mm/yr for 1986-1999 based on the Global Precipitation Climate Center (GPCC) database, and 1998 mm/yr for 1 January 1998 to 1 January 2000 based on TRMM satellite data (Huffman 1995) , implying that 1 July 2000 to 1 July 2001 was somewhat wetter than average. The wind at 64 m was generally from the east at 2 to 4 m/s (Fig. 2b, c) . The wind occasionally shifted to westerly during the afternoon as a result of a river circulation caused by the Tapaj6s River. Daytime was characterized by strong convective mixing and nights were calm and stably stratified, with a reduction in vertical turbulent exchange.
While the incoming radiation at the top of the atmosphere was relatively constant year-round (varied about 12%), the net radiation balance above the forest varied seasonally in response to increased wet-season cloudiness (da Rocha et al. 2004). Net radiation during daytime was lower and more variable during the wet season, resulting in more variable fluxes of momentum, heat, moisture, and CO2 (Fig. 2b) . Net radiation during nighttime was less negative during the wet season due to increased downward longwave energy (Fig. 2d) . The nocturnal sky was comparatively clear during the dry season, causing increased canopy cooling, more stable conditions, and reduced vertical mixing. Friction velocity was below 0.2 m/s during 70% of the nighttime intervals in the wet season and 77% of the nighttime intervals in the dry season (Fig. 2e) .
Average peak daytime CO2 uptake was -• 16 Vmol.m-2-s-1, and measured nocturnal CO2 efflux was -5 pmol.m-2.s-1 (Fig. 3b, c) 
Density and frequency corrections; comparison between open-and closed-path analyzers
The high-frequency correction for the closed-path system changed the annual sum by 0.3 Mg C-ha-1-yr-1 (Fig. 4, curve 2 relative to 1) . The correction increased the flux magnitude by 1.5% (-0.2 pmol.m-2-S-1) during daytime and 8% (0.2 pmol.m-2-S-1) during nighttime (Fig. 5a, b) . Nocturnal CO2 spectra indicate the tubing attenuates the amplitude of fluctuations for frequencies above 0.2 Hz (Fig. 6a) . If the tubing is described by a first-order low-pass filter (see Methods) the phase spectrum will be distorted at frequencies lower than 0.2 Hz. However, the nighttime wc co-spectrum showed little high-frequency attenuation (Fig. 6b) (Fig. 4, curve 7 relative to 9) , reducing the "raw" flux magnitude by 30-35% (5-7 p~mol.m-2-s-1) during convective daytime conditions and 15% (-0.4 pmol-m-2.s-1) during stable nighttime conditions (Fig. 5a, b) (Fig. 3a) . These missing intervals were inversely related with sunlight, resulting in a bias if they were not filled correctly (Fig. 4, curve  8) . We gap filled NEE for the open-path using a lightcurve model based on the current dataset to compensate for the below-average sunlight during missing intervals (Fig. 4, curve 10) .
The accuracy of fluxes from open path IRGAs is often criticized based on the magnitude of the WPL correction (Fig. 5) (Fig. 4, curve 11 relative to curve 10). We conclude that the underestimation of low-frequency flux has a modest effect on the calculated annual sum.
Treatment of calm nights
We found a dependence of nighttime exchange (NEE) on above-canopy turbulent mixing. Fig. 8 indicates that nighttime NEE was reduced at u* < 0.2 m/s. However, automated chamber measurements at the site indicated that CO2 efflux from the soil was not suppressed at low u* (plot not shown; see ). Moreover, biological production of CO2 by plant and microbial respiration is generally considered to be independent of above-canopy turbulent mixing. Consequently, we believe the reduction in NEE on calm nights results from the transport of CO2 from the forest by mechanisms not measured by eddy covariance (Goulden et al. 1996) Amazonia support the interpretation that NEE measured using micrometeorology underestimates biotic CO2 production on calm nights. Boundary layer CO2 budgets in Rondonia by Culf et al. (1997) indicated that the CO2 efflux measured using eddy covariance during calm nights underestimated the regional CO2 efflux. Chambers et al. (2004) estimated ecosystem respiration from soil, stem, and leaf respiration measurements in a forest near Manaus, and obtained an average ecosystem respiration of 8.5 pmol-m-2.s-1, consistent with our nighttime NEE value during well-mixed periods (Fig. 8) .
Applying the u* filter had a dramatic effect on the annual sum. A u* threshold of 0.2 m/s resulted in an annual sum of +0.6 Mg C.ha-'1.yr-' (a source of carbon) and a threshold of 0.3 m/s resulted in an annual sum of +1.1 Mg C.ha-'-yr-' (Fig. 4, curves 4 (Fig. 4 , curves 5 and 6 relative to curve 1).
DISCUSSION
Which annual sum is correct?
The biometry-based carbon balance indicated there was no accumulation in large trees, which represent a significant portion of AGLB. The inventories established that the forest was either a source or, at most, a modest sink of carbon from 1984 to 2000 (+0.8 ? 2 Mg C.ha-1-yr-1). Based on the evidence that NEE is underestimated during calm nights (Fig. 8) , we believe that curve 5 (+0.4 Mg C-ha-1.yr-1) provides our best estimate of the tower-based annual carbon balance, and that the forest was approximately carbon neutral from July 2000 to July 2001. This result is consistent with the biomass inventories, providing further evidence that the forest was not a large carbon sink during the study.
Is uncertainty in tower-based carbon balance greater for tropical than temperate forest? There is a widespread assumption that tower-based carbon balances for tropical forest are just as reliable as those for temperate forest. However, the sensitivity analysis revealed that the uncertainty of the annual sum for this tropical forest is much larger than we had expected based on previous work in mid-and high-latitude forest (Fig. 4; Goulden et al. 1996, 1997) magnitude of annually integrated nocturnal CO2 exchange. The annual nocturnal flux was relatively small in the boreal forest, since the growing season was brief and the summer nights were short (Fig. 9) . In contrast, the annual nocturnal flux was large in the tropical forest, since high rates of respiration continued yearround. The effect of the u* filter was roughly proportional to the annual nocturnal flux, and consequently the u* filter caused a much greater change in the annual sum at the tropical site than the temperate sites. We believe Fig. 8 provides strong evidence for the need to correct the annual sum using a u* filter. At the same time, we concede that the u* filter introduces uncertainty into the annual sum, and that this uncertainty is proportional to the magnitude of the correction.
The best approach for treating nocturnal flux is not agreed upon within the meteorological community, resulting in dramatically divergent reports of annual CO2 exchange. Past reports of large carbon uptake by old growth Amazonian forest are largely attributable to decisions not to correct for calm nights when calculating annual sums (Malhi et al. 1998 , Andreae et al. 2002 . Our comparison between tower-based and biometrybased annual sums reinforces the importance of independent measurements of NEP to obtain accurate annual sums in tropical forest. Our tower flux result considered in isolation does not provide strong evidence that the forest was carbon neutral during the study, since there was a large uncertainty associated with the u* correction. However, the biometric and micrometeorological measurements reinforce each other, and taken in combination, provide strong evidence that our site was not a strong carbon sink during the study interval.
